CoREST and abrogate REST repressor activity (Andres et al., 1999). The mechanism of REST repression of but levels increased with time after exposure to doxycycline, becoming maximal by 48 hr ( Figure 1B ). To insure genes, mediated by CoREST, has not been determined.
In this study, we use a conditional expression system that the induced REST protein was biologically active, PC12 tet REST cells were transfected transiently with a to explore the dynamics and role of the REST/CoREST repressor complex in control of the neuronal phenotype. Nav1.2 sodium channel CAT reporter gene containing the RE1 sequence. Treatment with doxycycline for 24 We show that in the presence of CoREST, REST interferes with the differentiation program induced by nerve hr prior to transfection resulted in a dramatic decrease in CAT activity; and repression was dependent upon growth factor (NGF). Both the induction of sodium currents, due to expression of the endogenous Nav1.2 sothe presence of the RE1 ( Figure 1C ). The lower RE1-mediated CAT activity in PC12 tet REST cells compared dium channel gene, and the extension of neurites in PC12 cells are significantly reduced by expression of to the parental PC12 tet cells is likely due to a low basal level of REST expression in the absence of doxycycline. REST. CoREST is shown to exist in tight association with HDAC1/2, and single-cell antibody microinjection Treatment of PC12 tet cells with doxycycline did not affect the level of expression of reporter genes conanalysis indicates that REST, CoREST, and HDAC2 are all required for repression of the Nav1.2 sodium channel taining or lacking the RE1 sequence ( Figure 1C ). The NGF induction of Nav1.2 sodium channel mRNA, promoter in nonneuronal cells. Chromatin immunoprecipitation assays reveal that the REST complex occupies determined by RNAase protection analysis was blocked completely by expression of REST ( Figure 1D ). To deterboth the native Nav1.2 and SCG10 genes in nonneuronal cells but not in neuronal cells. These studies elucidate mine if sustained REST expression would prevent the appearance of membrane excitability, PC12 tet REST the components of an active repression mechanism that is important in restricting neuronal traits to neurons. cells were exposed to doxycycline 24 hr prior to treatment with NGF. Whole-cell recordings performed 48 hr after addition of NGF indicated that the amount of soResults dium current in the NGF-treated PC12 tet REST cells, in the presence of doxycycline, was approximately 3-fold REST Suppresses Acquisition of Neuronal Traits lower than in NGF-treated cells cultured in the absence in PC12 Cells Treated with Nerve Growth Factor of doxycycline ( Figure 1E ). One of the best-characterized REST target genes enTo test whether REST might also affect other aspects codes the rat Nav1.2 voltage-dependent sodium chanof the neuronal phenotype, we analyzed neurite growth nel (Nav1.2). This channel is expressed at high levels in REST-expressing cells. Figure 2A indicates that neuonly in neurons where it is responsible for propagation of rite extension in NGF-treated PC12 tet and PC12 tet neuronal impulses. Analysis of the effects of persistent REST cells was similar in the absence of doxycycline expression of REST on Nav1.2 sodium channel excitabil-(40.4 Ϯ 0.9 m compared to 34.3 Ϯ 1.6 m). However, ity in vivo is complicated by the difficulties in associating after induction of REST with doxycycline, neurite length neuronal sodium currents with a specific sodium chanwas reduced by approximately 3-fold in the PC12 tet nel type. To circumvent this problem, we exploited PC12
REST cells compared to PC12 tet cells (16.7 Ϯ 1.6 m cells where induction of sodium currents in response to compared to 46.9 Ϯ 8.1 m). Similar results were ob-NGF is due to increased expression of the Nav1.2 sotained using primary mixed murine cultures transduced dium channel gene (Mandel et al., 1988) . To examine with an HSV amplicon vector expressing both REST and the effects of REST, PC12 clonal lines expressing REST GFP ( Figure 2B ). By 72 hr posttransduction, neurons cDNA under control of an inducible promoter were gendisplayed markedly shortened neurites, with preservaerated.
tion of cell somata. The PC12 and the primary neuronal A PC12 cell line containing the tetracycline-VP16 acticulture data taken together indicate that a program of vator fusion protein was characterized for its ability to transcriptional repression of many functionally distinct respond normally to a 48 hr exposure to NGF. This line, target genes is likely to be mediated by REST. which we refer to herein as the parental PC12 tet line, like other PC12 lines, does not express REST ( Figure  1A ). It responds normally to a 48 hr treatment with NGF, Both Repressor Domains of REST Involve HDAC Activity exhibiting an approximately 2.5-fold increase in Nav1.2 sodium channel mRNA and resulting in a 4-fold increase
The N-and C-terminal repressor domains of REST interact with two different corepressors, mSin3A/B and in inward sodium current ( Figures 1D and 1E) . The parental line also extends neurites similar in length and comCoREST, respectively. Previous reports have indicated that only the N-terminal repressor domain recruits HDAC plexity to other lines of PC12 cells (Figure 2A) . A potential drawback of the tet system is that there can be a signifiactivity. These findings raises the question of whether CoREST and either FLAG-HDAC3 or FLAG-HDAC6 (Figure 4B) . Interestingly, PC12 cells, which lack REST protein, also contain CoREST/HDAC2 complexes ( Figure  4C ), suggesting that CoREST recruits HDAC2 independently of REST.
Functional Analysis of the REST Corepressor CoREST
Deletional analysis was performed to identify functional domains in CoREST, including the REST interaction site and any discrete repressor domains in CoREST that could serve as sites of recruitment for HDAC activity.
CoREST deletion constructs were confirmed by sequence analysis, and expression levels, determined by Western blots, were similar for all constructs. cise role for this complex awaits identification of the Nav1.2 CAT (7 g each) were transfected as described previously.
neuronal DNA binding partners for CoREST.
All CAT assays were performed on 15 g protein extracts, obtained from cells harvested 40 hr after transfection, as described Experimental Procedures (Maue et al., 1990).
technique. Recording pipettes were pulled to a tip outer diameter Single-Cell Microinjection Assay Single-cell gene expression experiments were conducted essenof 3 m and lightly fire polished immediately prior to use. The pipettes were filled with a solution containing (in mM) 140 CsCl, 1 Cstially as described (Heinzel et al., 1997). DNA was microinjected into the nuclei of Rat 1 cells at a concentration of 100 g/ml in the EGTA, and 10 Cs-HEPES, with pH adjusted to 7.2 with CsOH. The bath solution contained (in mM) 140 NaCl, 1KCl, 0.1 CaCl2, and 10 presence/absence of coinjected IgG directed against mSin3A/B, CoREST, or HDAC2. Injected cells were unambiguously identified by Na-HEPES. Cells were held at Ϫ100 mV in order to remove all steady state inactivation of sodium channels. Sodium currents were elicited coinjection of fluorescein-conjugated dextran, Mr 70,000 (Molecular Probes). Quantitation was accomplished after Xgal staining by scorwith 10 ms step depolarizations. The resultant current was recorded using an Axopatch 200B amplifier, filtered at 5 kHz, and digitized ing each injected cell as positive or negative for any degree of blue staining. Approximately 250 cells were injected in each experiment, at 10 kHz prior to analysis. The potential corresponding to peak current was determined from the current-voltage relations, and the and each assay was done at least three times. leak-corrected (P/10) sodium current amplitude at this potential was determined.
Chromatin Immunoprecipitation (ChIP) ChIP assays were performed according to the Upstate BiotechnolRibonuclease Protection Assay (RPA) ogy protocol. Briefly, L6 cells from a 100 mm dish ‫%07ف(‬ confluent) PC12 tet or PC12 tet REST cells (10% confluency) were treated with were treated with 1% formaldehyde for 10 min at room temperature.
